The axisymmetric Navier-Stokes equations then can be written in the following vector form:
where x, y _> 0, and t are the streamwise and radial coordinates and time, respectively. The conservative flow variable vector U and the flux vectors in the streamwise and radial directions, F and G, are given by:
The flux vectors are further split into inviscid and viscous fluxes:
where the inviscid fluxes are the same as in the Euler equations:
and the viscous fluxes are:
Gv4
:
where u, v, Ux, uy, Vx, vy are respectively the z-and yflow velocity components and their derivatives, which can be written in terms of the conservative variables 
By considering (x,y,t) as coordinates of a threedimensional Euclidean space, E3, and using Gauss' divergence theorem, it follows that Eq. (I) is equivalent to the following integral conservation law:
where S(V) denotes the surface around a volume V in 
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where j is the node index of D, E or F. The partial derivatives of F and G can be related to the correspond- expansion. Details can be found in [15] .
With an unstructured grid, the CE/SE procedure is simplified and more easily adapted to complicated geometries.
Only a single mesh is needed as compared to the spatially staggered mesh used in the structuredgrid case and the time-marching is completed in one step rather than two. Furthermore, the simple non-reflecting boundary conditions described previously [16-191 still work well with an unstructured grid. More details about the unstructured CE/SE method can be found in [15] .
The weighted a -e CE/SE scheme is used here.
Treatment of the Source Term
The treatment is identical to the one used in [18] and is briefly reiterated here. Since the source term Q itself is a function of the unknown U, a local iterative procedure is needed to determine U. The discretized integral equation
where Un is the local homogeneous solution (Q = 0 locally). Note that Un only depends on the solution at the previous time step, i.e., Uu is obtained using explicit formulas. A Newton iterative procedure to determine U is then
where i is the iteration number and
Normally, U at the previous time step is a good initial guess U (°/ and the procedure takes about 2-3 iterations to converge. The Jacobian matrix is given by
The inverse of the Jacobian, i.e., (ff_-) 1 can easily be derived analytically for this particular case, thus, leading to a savings in CPU time.
Large Eddy Simulation (LES)
A simplified LES procedure similar to those used in [20] is adopted here to account for the strong momentum exchange in the shear layer. In the LES, a simple Smagorinsky subgrid scale model is used for the eddy viscosity:
where ttt= (CsA)2(2S_iSij) 1/2,
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with A = (AxAy) _/'2 and Cs = 0.1. Then, p + P.t
replaces ,a in the actual computation.
In practice, the LES model was only applied for radii less than 1.5D and 4D downstream of the nozzle exit plane.
The Jet Screech Noise Problem
Consider a circular jet as sketched in Fig. 2 These conditions correspond to the experimental conditions of Panda [5] [6] [7] [8] . In these experiments, it was shown that for Mj _< 1.19, the jet noise field is in an axisymmetric mode. Hence, the axisymmetric CE/SE code described above is appropriate for computation at these conditions.
In the investigation, our attention is focussed on the near field of the nozzle since this is the noise source re- 
Initial Conditions
Initially, the flow of the entire domain is set at the ambient flow conditions, i.e., (using nondimensional variables)
Boundary Conditions
At the inlet boundary, the conservative flow variables and their spatial derivatives are specified to be those of the ambient flow, except at the nozzle exit, where an elevated pressure is imposed, i.e., the jet is under-expanded, as in the physical experiments. By using the ideal gas isentropic relations, it follows that the nondimensional flow variables at the nozzle exit, with 3L, = 1, are given by ?(_ + 1)p_ 2I;,
where T_ is the reservoir (plenum) temperature. We will also follow the experimental cold-flow condition where the reservoir temperature equals the ambient one, i.e., 1"_,= 1.
At the symmetry axis, i.e., y = 0, a simple reflective boundary condition is applied.
At the top and outflow boundaries, the Type I and Type II CE/SE non-reflecting boundary conditions as described in the next subsection are imposed, respectively. The no-slip boundary condition is applied on the nozzle walls.
Non-Reflecting Boundary Conditions
In As will be observed later, these NRBCs, when combined with the above buffer zones, are robust enough to allow a near field computation without disturbing or distorting the flow and acoustic fields.
Numerical Results
In this section, numerical results for the axisymmetric undercxpanded circular.jet are presented and compared to experimental rcsults . Computations are conducted for three different jet Mach numbers 31j -1.1, 1.15, and 1.19. With an appropriate time step size, a large number (minimum 410,000) of time steps are run for these cases in order to achieve appropriate accuracy in the Fourier analysis of the time series data.
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It isimportant toemphasize thatnoharmonic forcing is imposed inthenumerical simulation. Theinitial impact of theboundary condition atthenozzle exitstimulates thejet shear layer andtriggers thefeedback loop that generates thescreech waves.
Inthefollowing, thecomputed jetflowdata and acoustic screech dataarepresented separately, andcomparisons aremade withavailable experimental results.
Time-Averaged Flow and Shock-Cell Structure
For the typical case of _,lj = 1.19, Fig. 3 shows p, p, .u contours and a numerical Schlieren picture. They are time averaged over 40,000 time steps and are obtained after the start-up transients have moved out of the computational domain. In the p, p, and u contours, the shock cell structure and the shear layer spreading are clearly captured.
Note that although the LES model is highly simplified, it still distinctly affects the flow field. Since the momentum exchange around the shear layer is accounted for through a high local value of the eddy viscosity, the shear layer spreads much more rapidly as compared to our earlier related Euler computations [18] , and the static pressure maximum increases by 15 -20%.
Experimental
results for jets are often documented in terms of Schlieren pictures. It is straightforward to construct Schlieren graphs (density-gradient modulus) from the numerical results. Such a numerical plot is shown in the last panel of Fig. 3 . A comparison of the numerical Schlieren contours from the current computations and the experimental Schlieren photograph in [5] (Fig. 4) shows good agreement in shock-cell structure. For example, the shock cell width is about 0.SD in the streamwise direction.
In both plots, it is observed that the first two shock cells appear to be sharp and clear since the shearlayer instability wave is too weak at these locations to significantly affect the shock cell. However, it interacts strongly with the shock cells once it has gained a sufficient amplitude through its streamwise growth, which is evident by the deformation of the third and fourth shock cells. The delbrmation and movement of the shock cells are also seen in the experiments [5, 6] . This is, as pointed out by Seiner [2] , the mechanism by which the acoustic waves that produce the broadband shock-associated noise and the screech tones are generated. Furthermore, the fifth shock cell and those further downstream are so severely delbrmed that they almost disappear.
Near-Field Radiating Screech Waves
For the same case of Mj = 1.19, Fig. 5 illustrates the radiating screech waves at the time level of 410,000 steps.
Since no forcing is applied in the numerical simulation, these waves are a clear indicator of a self-sustained oscillation. For this figure, the very high isobar level contours, corresponding to hydrodynamic waves around the :' i r 
Sound Pressure Level and Screech

Frequency
The numerical time history is recorded for a select number of locations in the flow field and later post-processed to obtain spectral information using Fast Fourier Transform (FFT) techniques. The data at a selected position is recorded every twentieth actual time step, and the recording begins after an initial time period has elapsed (80,000 actual time steps). Typically, each time trace contains 33,000 points and corresponds to more than 0.7 million computational time steps. Figure 6 The SPL shows that there are multiple spikes in the spectrum. The two distinct higher spikes correspond to screech frequencies of 8890 Hz (SPL= 126 dB, A2 mode) and 6945 Hz (SPL=131 dB, A1 mode) respectively. Figure 8 shows the SPL for the case of M 3 -1.15. Still, there are multiple spikes in the spectrum. The two distinct higher spikes correspond to screech frequencies of 9410 Hz _SPL=I25 dB, A2 mode) and 7690 Hz (SPL=137 dB, Aj mode) respectively. It is observed that these clearly stand out from the mixing and shockassociated noise, along with spikes at their first harmonics. The above two cases support the possibility that there could be two screech tone resonances occur at the same time or that screech-mode switching is present. 
Acoustics Properties Compared to Experiments
Since the feedback loop is very sensitive to any change [7] data is taken at a slightly different location.
Concluding Remarks
In this paper, the unstructured CE/SE Navier-Stokes method is applied for screech tone noise analysis of an underexpanded supersonic axisymmetric .jet.
Many hydrodynamic and acoustic aspects of the computed results are in good agreement with experimental findings [5] [6] [7] [8] [9] , including the variation of screech frequency with mach number for the Al and A2 modes.
LES modeling was used to better capture the .jet spreading but is not believed to be a critical element for the screech feedback loop.
The advantages of the CE/SE scheme were confirmed in the present simulation. The implementation did not require any special treatment or parameter selections to capture the acoustics.
The simple yet robust CE/SE NRBC in combination with buffer zones virtually eliminates numerical reflections and allows for an effective near-field computation.
The use of an unstructured grid offers flexibility to deal with more complicated geometries.
